The dorsal striatum is critically involved in a variety of motor behaviours, including regulation of motor activity, motor skill learning and motor response to psychostimulant and neuroleptic drugs, but contribution of D 2 Rstriatopallidal and D 1 R-striatonigral neurons in the dorsomedial (DMS, associative) and dorsolateral (DLS, sensorimotor) striatum to distinct functions remains elusive. To delineate cell type-specific motor functions of the DMS or the DLS, we selectively ablated D 2 R-and D 1 Rexpressing striatal neurons with spatial resolution. We found that associative striatum exerts a population-selective control over locomotion and reactivity to novelty, striatopallidal and striatonigral neurons inhibiting and stimulating exploration, respectively. Further, DMS-striatopallidal neurons are involved only in early motor learning whereas gradual motor skill acquisition depends on striatonigral neurons in the sensorimotor striatum. Finally, associative striatum D 2 R neurons are required for the cataleptic effect of the typical neuroleptic drug haloperidol and for amphetamine motor response sensitization. Altogether, these data provide direct experimental evidence for cell-specific topographic functional organization of the dorsal striatum.
Introduction
The striatum represents the main input nucleus of the basal ganglia, a system of subcortical nuclei critically involved in motor control and motivational processes and altered in several conditions such as Parkinson's and Huntington's diseases or drug addiction and schizophrenia (Nestler, 2005; Kreitzer and Malenka, 2008) . The projection neurons of the striatum are GABAergic medium-sized spiny neurons (MSNs) subdivided into two sub-populations, the striatonigral and striatopallidal neurons (Gerfen et al, 1990; Schiffmann et al, 2007) that form two main efferent pathways. The striatonigral MSNs (direct pathway) co-express dopamine D 1 receptor (D 1 R) and substance P (SP), while striatopallidal MSNs (indirect pathway) co-express dopamine D 2 receptor (D 2 R), adenosine A 2A receptor (A 2A R) and enkephalin (Enk) (Schiffmann and Vanderhaeghen, 1993) . MSNs in the direct and indirect pathways are equal in number and shape, mosaically distributed throughout the striatum (Gerfen, 1992) , and are not dissociable with techniques such as surgical or excitotoxic lesions.
The striatum can be functionally divided into dorsal and ventral subregions based on the origin of cortical glutamatergic and midbrain dopaminergic (DA) afferents. The dorsal striatum is thought to be involved mostly in motor behaviours, while ventral striatum is crucial for motivational processes (Robbins and Everitt, 1996; Groenewegen, 2003) . The dorsal striatum is often subdivided into an external portion (the dorsolateral striatum (DLS) corresponding to the primate putamen, predominantly innervated by the sensorimotor cortex) and an internal part (the dorsomedial striatum (DMS) homologous to primate caudate nucleus, receiving projections from prefrontal and other association cortices) (Voorn et al, 2004; Graybiel, 2008) . Cell-specific functions of the DMS or DLS in motor control and learning or in basal ganglia-related disorders (such as schizophrenia or drug addiction) remain poorly understood.
While the DMS seems more engaged during initial stages of motor skill learning, when the task is more dependent on attention and susceptible to interference (Jueptner and Weiller, 1998; Luft and Buitrago, 2005) , the DLS seems required for progressive skill automatization and habit learning (Miyachi et al, 2002; Yin et al, 2004) .
Treatment of schizophrenia-positive symptoms with typical antipsychotics, such as haloperidol, often induces a dramatic rigidity and locomotor immobility, called catalepsy (Lieberman et al, 2008) . While striatal D 2 R antagonism is a common characteristic of antipsychotic drugs (Karam et al, 2010) , a cell type-specific involvement of dorsal striatum subregions in the haloperidol-induced catalepsy remains elusive.
Behavioural sensitization to psychostimulants provides a model of addictive behaviours such as those associated with craving and relapse (Robinson and Berridge, 1993; Hyman et al, 2006) , but involvement of D 1 R-and D 2 R-neuron pathways in this process remains controversial (Mattingly et al, 1996; Chen et al, 2003; Karlsson et al, 2008) .
To date, to the best of our knowledge, no in-vivo approach has unravelled respective functions of D 1 R and D 2 R MSNs in the DMS and DLS. We selectively ablated each class of neurons in adult mice using an inducible diphtheria toxin receptor (DTR)-mediated cell targeting strategy (Durieux et al, 2009 ) and delineated distinct roles of D 1 R and D 2 R MSNs in associative and sensorimotor striatum during novelty-or drug-induced locomotor behaviours and motor skill learning.
Results
We bred lines of Drd1a-EY262-cre þ /À (Gong et al, 2007;  founder EY262) or Adora2a-cre þ /À (Durieux et al, 2009) mice to inducible DTR þ / þ (iDTR þ / þ ) (Buch et al, 2005) mice, leading to mice that selectively expressed the DTR in D 1 R or D 2 R MSNs (Drd1a-EY262-cre (Drago et al, 1998; Gantois et al, 2007; Durieux et al, 2009 ). All animal procedures were approved by the Université Libre de Bruxelles School of Medicine Ethical Committee. Diphtheria toxin (DT) was stereotaxically injected into the striatum to ablate the class of neurons throughout the entire striatum (full ablation) or to restrict the ablation to DMS (DMS ablation) or DLS (DLS ablation). As shown in A 2A -DTR þ mice (Durieux et al, 2009 ), the reduction of striatopallidal A 2A R binding and behavioural abnormalities appear 1 week after DT injections. For that reason, all the behavioural experiments were conducted after a minimum delay of 1 week post DT injections. Spontaneous locomotion was recorded in a videotracked open field and mice were trained in a motor skill learning task (accelerating rotarod). In this task, mice have to learn a novel sequence of movements to maintain balance on a rotating rod in constant acceleration and receive several trials per day for consecutive days (Buitrago et al, 2004) . While A 2A -DTR þ mice exhibited persistent hyperactivity as previously described (Durieux et al, 2009) In view of these cell type-specific deficits during the rotarod acquisition, we investigated impact of D1R-or D2R-MSN removal after extensive rotarod training. D 1 -DTR and A 2A -DTR mice were overtrained on the rotarod for 10 days before receiving full DT injections ( Figure 4G and H). One week after DT injections, these mice were retested on the rotarod. While D 1 R neuron-ablated mice displayed profound rotarod impairments ( Figure 4G Figure 6A and B) induced a reduction in ambulation (genotype: F(1,38) ¼ 14.096, P ¼ 0.001) that was not observed following the DLS lesion ( Figure 6E and F, genotype: F(1,49) ¼ 1.38, P ¼ 0.245). In contrast, DMS D 2 R-striatopallidal neuron-ablated mice displayed hyperlocomotion over the trial ( Figure 6D , genotype: F(1,40) ¼ 48.78, Po0.001; time: F(11,40) ¼ 3.01, P ¼ 0.001) while D 2 R-striatopallidal neuron loss in the DLS did not produce any locomotor activity increase ( Figure 6H , genotype:
Selective ablation of D 1 R-striatonigral neurons
It is worth to note that the increased locomotor activity observed in DMS D 2 R-striatopallidal neuron ablated mice exhibited an incremental kinetics in contrast to the decremental locomotor activity observed in all other groups ( Figure 6B , time: F(11,38) ¼ 24.1, Po0.001; Figure 6F , time: F(11,49) ¼ 16.85, Po0.001; Figure 6H , time: F(11,41) ¼ 9.11, Po0.001, see also histograms on each figure) .
In view of this impairment in novel environment habituation, we tested whether or not novel object exploration and recognition (Hughes, 2007) were also altered (Figure 7) . Each ablated group was tested in a decoupled delayed spontaneous ( Figure 7G , P ¼ 0.0497), but exhibited a dramatic increase in novel object exploration ( Figure 7H , Po0.001) and were unable to reduce their exploratory behaviour when an object was repeatedly presented ( Figure 7E , I, M and Q, condition: F(1,57) ¼ 5.211, P ¼ 0.026; condition Â group: F(7,57) ¼ 3.284, P ¼ 0.005; Figure 7I , group: P ¼ 0.027). On the other hand, DMS D 1 R neuron-ablated mice showed no difference in exploring the open field core without object ( Figure 7C , P ¼ 0.899), but displayed a reduced novel object exploration ( Figure 7D , P ¼ 0.033). These effects were specific of the associative striatum, since neither DLS D 2 R neuron ( Figure 7O , P ¼ 0.833; Figure 7P , P ¼ 0.90) nor DLS D 1 R neuron ( Figure 7K , P ¼ 0.386; Figure 7L , P ¼ 0.912) ablations altered the task.
Thus, DMS-specific ablations, but not the DLS lesions, demonstrate a cell type-specific modulation of locomotor activity and novel object exploration in which D 2 R MSNs and D 1 R MSNs inhibit and stimulate locomotion and novelty exploration, respectively. Figure 8I , genotype: F(1,18) ¼ 0.308, P ¼ 0.586) did not induce performance deficit, indicating that rotarod learning impairments (see Figure 8D and F) are not due to task execution disruption.
DMS D

Distinct contribution of DMS and DLS direct or indirect pathways in haloperidol-induced catalepsy and amphetamine sensitization
Treatment of schizophrenia-positive symptoms with typical neuroleptic drugs is often associated with motor side effects such as catalepsy (Lieberman et al, 2008) . We then evaluated Figure 9C , P ¼ 0.32; Figure 9H , treatment: F(1,16) ¼ 56.15, Po0.001; Figure 9I , P ¼ 0.59) altered haloperidol responses, indicating that D 2 R antagonism in striatopallidal neurons of the DMS is crucial for the motor effects of haloperidol.
Locomotor sensitization to psychostimulants is produced by repeated drug administration and is defined as an increase in the locomotor effect of the drug upon readministration. We evaluated involvement of each neuronal population in these motor responses to psychostimulant ( Figure 10 ). Mice lacking D 1 R neurons in the DMS ( Figure 10B , genotype: F(2,24) ¼ 4.56, P ¼ 0.043), but not in the DLS ( Figure 10H , genotype: F(1,29) ¼ 1.3, P ¼ 0.26) showed a reduced acute amphetamine-induced hyperlocomotion as compared with controls; but repeated amphetamine injections sensitized this locomotor response ( Figure 10B , repeated injections: F(2,24) ¼ 13.47, Po0.001; repeated injections Â genotype: F(2,24) ¼ 1.45, P ¼ 0.246; Figure 10C , P ¼ 0.003). In contrast, ablation of DMS D 2 R neurons totally disrupted amphetamine locomotor sensitization ( Figure 10E , repeated injections Â genotype: F(2,24) ¼ 4.345, P ¼ 0.018; Figure 10F 
Discussion
While it is currently accepted that dorsal striatum plays an important role in locomotor behaviours and motor learning (Graybiel, 1991; Mink and Thach, 1993; Groenewegen, 2003) , MSN-type and dorsal striatum subregion involvement in these behaviours remains difficult to decipher without cell-type targeting tools. In the present work, we produced selective and inducible D 2 R and D 1 R MSN ablation in Drd1a-cre
resolution allowing their functional dissection selectively in the DMS and DLS (see Table I for a synthetic view of the observed behaviours in the different ablation subtypes). First, the selective loss of D 1 R and SP in D 1 -DTR þ , taken together with the previously described loss of D 2 R, A 2A R and Enk in A 2A -DTR þ DT-injected mice (Durieux et al, 2009), confirms that expression of these receptors and neuropeptides is largely segregated in the two MSN populations (Gerfen and Young, 1988; Gerfen et al, 1990; Lobo et al, 2006; Bateup et al, 2008; Bertran-Gonzalez et al, 2008; Heiman et al, 2008) . Full D 2 R-MSN ablation produced hyperlocomotion in contrast to the reduction of ambulation observed in D 1 R neuron full ablated mice. These data provide direct experimental evidence for an opposite control of the two populations over motor activity in freely moving animals, showing that D 2 R and D 1 R MSNs inhibit and stimulate motor activity respectively. Moreover, this modulatory influence on locomotion was partially recapitulated in DMS, but not in DLS, restricted ablations, indicating that associative striatum area exerts an MSN population-dependent control over spontaneous locomotion. Consistently, recent works using optogenetics showed that stimulation of D 1 R or D 2 R neurons selectively in the DMS increases and reduces spontaneous ambulation, respectively (Kravitz et al, 2010) , while cell-type stimulation in the ventral striatum had no effect on spontaneous locomotion (Lobo et al, 2010) .
Mice with selective DMS neuron ablation show alterations in several behaviours related to novelty. In D 1 R neuronablated mice, a decrease in novelty-induced exploration of objects (novel object test) and environment (open field) was observed, indicating that the direct pathway in the associative cortico-striatal loop is necessary for novelty-induced exploration. In D 2 R neuron-ablated mice, the hyperlocomotion in the open field and increased exploration of a novel object when it is repeatedly presented, can be, at least in part, interpreted as a form of hyperexploration, that is, the reciprocal of the behaviours of DMS D 1 R neuron-ablated mice. In mice lacking DMS D 2 R neurons, hyperlocomotion/ hyperexploration becomes evident after an initial inhibition (see progressive increase in locomotion in the open field test and increased exploration from novel to repeated object in the novel object test), suggesting the existence in these mice of a higher sensitivity to the aversive effects of novelty. These results point to DMS as a crucial component of the circuits mediating novelty reactivity. Interestingly, it has been shown that novelty exposure preferentially induces immediate early gene expression in DMS and other brain regions of the executive prefrontocortico-striatal loop, in particular when novel objects are involved (Rinaldi et al, 2010) . DMS neurons would select the access to the limited motor and cognitive resources of the conflicting sensory stimuli associated with the increased number of objects or environmental cues that become salient by virtue of their novelty (Redgrave and Gurney, 2006) . Within the DMS, Go units and No-Go units mediated by D 1 and D 2 MSNs, respectively (Maia and Frank, 2011) , are physiologically balanced. After selective cell ablations, the prevalence of Go or No-Go units would cause hypoexploration/hypolocomotion or hyperexploration/hyperlocomotion. In particular, in D 2 R neuron-ablated mice, a continuous translation of sensory stimuli to locomotion would lead to a state of continuous exploration/locomotion.
Rotarod motor skill learning experiments demonstrated that D 1 R MSNs are crucially required to acquire a motor task as their entire striatum removal disrupts permanently skill performance in naive animals. In contrast, mice lacking the D 2 R MSNs showed task impairments only during the initial trials and displayed late performances similar to controls. After extensive rotarod training, D 1 R neurons in the entire striatum are still required for task performance while D 2 R MSNs can be ablated. These findings demonstrate that execution of a previously learned motor sequence is not dependent on the D 2 R MSN pathway (Ashby et al, 2010) . In a previous work (Gantois et al, 2007) , ablation of D 1 R neurons led to locomotor hyperactivity and normal rotarod performances. It is worth to note that ablation in Gantois et al model was achieved by DT expression at 1-2 weeks after birth in forebrain D 1 R neurons, including the striatum, the cortex and the hippocampus. These differences in the neuronal population targeted and the age of ablation onset could explain the behavioural discordances between Gantois et al model and the present work.
DMS D 2 R neuron-ablated mice showed early rotarod deficits, while a permanent rotarod performance deficit was found in DLS D 1 R neuron-ablated mice. After extensive rotarod training, DMS D 2 R neurons or DLS D 1 R neuron can be ablated without affecting task performances, indicating that rotarod defects observed in naive animals cannot be attributed to task execution disruption. These results suggest that in naive animals, when task performance is more susceptible to interference and more dependent on attention (Luft and Buitrago, 2005) , D 1 R and D 2 R MSNs work in concert to promote acquisition of a new motor skill: activation of D 1 R MSNs in the sensorimotor striatum is required for progressive automaticity of task performance, by development of correct motor strategies (Graybiel, 2008) , while activation of D 2 R MSNs in associative striatum inhibits competing exploratory activity. During later skill learning stage, attention to action is less required (Jueptner and Weiller, 1998) and DMS D 2 R MSNs progressively disengage the process while DLS D 1 R MSN pathway is still required for skill automatization. Recent work (Yin et al, 2009 ) showed a potentiation of synaptic strength in the DMS after early rotarod learning that returns back to naive animal level after extensive training. Our results are in accord with this dynamic recruitment of DMS during motor skill learning. The authors further found a DLS increase in long-lasting potentiation only after rotarod overtraining that was more important in D 2 R than in D 1 R MSNs (Yin et al, 2009) , a result which is in contrast to the present results, as D 2 R MSN elimination in the DLS did not disrupt rotarod learning, and full ablation of D 2 R MSNs interfered neither with late rotarod trials nor with the recall of a rotarod task previously learned through extensive training. On the other hand, DLS D 1 R MSN ablation disrupts rotarod performances at both initial and late motor skill learning stages. This view is supported by a recent in-vivo electrophysiological study showing that task-related ensemble activity in the DLS can emerge early during procedural learning (Thorn et al, 2010) .
Neuroleptic-induced catalepsy represents a dramatic side effect of schizophrenia-positive symptom treatment (Lieberman et al, 2008) . While most of neuroleptic drugs are D 2 R antagonists (Karam et al, 2010) , identification of a restricted neuronal population involved in their motor effects remained elusive because of the wide D 2 R distribution (Beaulieu and Gainetdinov, 2011) . Using genetic models, previous works have suggested that striatopallidal neurons mediate the cataleptic effect of haloperidol (Bertran-Gonzalez et al, 2008; Bateup et al, 2010) . The complete insensitivity of DMS D 2 R neuron-ablated mice to haloperidol, strongly indicates that, in normal subject, a selective activation of striatopallidal neurons in the associative striatum is critical for the haloperidol hypolocomotor effect. Repeated drug of abuse administration can lead to a gradual increase in behavioural responsiveness, such as locomotor activation in rodents, called behavioural sensitization (Robinson and Berridge, 1993) . While striatum DA transmission is crucial for psychostimulant locomotor effects (Swerdlow et al, 1986; Nestler, 2005) , a selective involvement of distinct dorsal striatum area neuronal subtypes in these processes remained elusive. Acute amphetamine locomotor response was increased in mice lacking DLS striatopallidal neurons while DMS D 2 R neuron-ablated mice displayed a deficit in amphetamine response sensitization, suggesting that sensorimotor and associative striatum indirect pathways are normally involved in regulation of acute amphetamine locomotor response and its sensitization respectively. In contrast, dorsal striatum D 1 R-neuron ablations did not affect amphetamine sensitization, but DMS direct pathway neuron removal reduces acute locomotor response to amphetamine. The interpretation of amphetamine acute effects is not straightforward due to the effects of region-selective neuron ablations on spontaneous locomotion. On the other hand, the lack of amphetamine sensitization in DMS D2R neuronablated mice but its maintenance in DLS D2R neuron-ablated mice as well as DMS or DLS D1R neuron-ablated mice highlights the relevance of the former neuronal population for amphetamine sensitization. Experiments with receptor antagonists and knockout mice indicate an involvement of both D1R and D2R in addictive drug sensitization (Vanderschuren and Kalivas 2000; Karlsson et al, 2008; Harrison and Nobrega, 2009 ). These approaches do not allow a precise identification of striatal target cell populations that may include multiple dorsal as well as ventral D1R-or D2R-expressing striatal sub-populations. Much evidence points to the ventral tegmental area and nucleus accumbens as main striatal regions contributing to the development of psychostimulant sensitization (Steketee and Kalivas 2011) , although an involvement of caudate-putamen, especially its medial portion, has been proposed (see, e.g, Conversi et al, 2008) . While present results are compatible with a main role of ventral striatal circuits, they strongly point to a necessary contribution of DMS D2R neurons in amphetamine sensitization.
Recently, other groups have targeted striatonigral and striatopallidal neurons in mice (Hikida et al, 2010) or rats (Ferguson et al, 2011) . These authors developed inducible approaches with viral transgenesis to inhibit neurotransmission by cell-type expression of a tetanus toxin (Hikida et al, 2010) or to silence neuronal activity by selective expression of a Gi/o-coupled receptor in Enk-or SP-expressing neurons and pharmacological agent injections (Ferguson et al, 2011) . Surprisingly, the resulting animals did not show a decrease or increase of spontaneous locomotor activity (Hikida et al, 2010; Ferguson et al, 2011) , in contrast to the results obtained in other models (Durieux et al, 2009; Bateup et al, 2010; Kravitz et al, 2010) , while acute locomotor response (Hikida et al, 2010) or sensitization (Ferguson et al, 2011) to amphetamine was altered. These differences could be explained by the different proportion of neurons targeted in the different models (see Durieux et al, 2011 for an extended discussion) and/or by the ability of each approach to effectively strongly and durably inhibit or stimulate neuronal activity.
Taken together, these results provide direct in-vivo experimental evidence for dissociation between neuronal subtypes and striatal subregions in the regulation of noveltyor drug-induced motor responses and motor learning.
Materials and methods
Animal care
All procedures were performed according to the Institutional Animal Care Committee guidelines and were approved by the Local Ethical Committee.
Animal breeding C57BL/6 Adora2a-Cre þ /À 2M strain mice were crossed with C57BL/6 iDTR þ / þ mice (Durieux et al, 2009) (D 1 -DTR þ mice) and 50% of Drd1a-cre À/À iDTR þ /À (D 1 -DTR À ) control mice. For the two models, all experiments were then performed on animals with the same strain background. Experiments were conducted on male mice, but to increase the group size in some experiments (Figure 6 ), females were added in a counterbalanced way between double transgenic and control groups without gender effect ( Figure 6B, F(1,12) ¼ 0.364, P ¼ 0.557; Figure 6F , F(1,14) ¼ 1.128, P ¼ 0.306).
Stereotaxic injections
, Drd1a-cre þ /À iDTR þ /À and respective control mice were deeply anaesthetized at the age of 16-20 weeks, and placed in a stereotaxic apparatus. DT (Sigma-Aldrich) was diluted in 0.01 M PBS (pH 7.4) to a concentration of 100 pg/ml and was stereotaxically injected with a blunt needle in both sides of the striatum over 10 min. For the full striatum ablation, 1 ml of DT was injected at two sites with the coordinates (adapted from atlas of Paxinos and Franklin, 2001 , with bregma and dura as references): anterior þ 1.2 mm, lateral ± 1.5 mm, ventral þ 3 mm, and anterior þ 0.5 mm, lateral ±1.8 mm, ventral þ 3 mm.
For the DLS and DMS ablation, 0.2 ml of DT was injected at two sites with the coordinates: DLS: anterior þ 1.2 mm, lateral ± 2.6 mm, ventral þ 1.6 mm; anterior þ 0.1 mm, lateral ± 3.2 mm, ventral þ 1.6 mm; DMS: anterior þ 1.2 mm, lateral ± 1.1 mm, ventral þ 1.9 mm; anterior þ 0.1 mm, lateral ± 1.3 mm, ventral þ 1.9 mm.
Locomotor activity and object recognition tasks
Locomotor activity was assessed by videotracking (Ethovision, Noldus). Mice were placed for 60 min in open field locomotor activity boxes (20 cm Â 40 cm) under non-stressful conditions (15 lux illumination) and horizontal ambulation was recorded.
Object recognition task was adapted from McTighe et al (2010) . Decoupled delayed spontaneous object recognition was conducted in a 40 Â 40 cm open field coupled to a videotracking system (Ethovision, Noldus). The objects used in the experiment differed in shape and colour, had a 5-6 cm diameter and were placed in the centre of the open field. During each trial, the mouse explored the open field for 20 min and the time spent in a central zone (10 cm in diameter) was recorded. At the end of the trial, the mouse was removed from the open field and placed in its home cage. The experiment started with a trial without object in the open field, followed by sessions consisting of two phases: a study and a test trial. During the study trial, a novel object was placed in the centre of the open field. One hour after the study, the test phase could take
